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Abstract. Structural investigations of large biomolecules in the gas phase are challenging. Herein, it is
reported that action spectroscopy taking advantage of facile carbon-iodine bond dissociation can be used
to examine the structures of large molecules, including whole proteins. Iodotyrosine serves as the active
chromophore, which yields distinctive spectra depending on the solvation of the side chain by the
remainder of the molecule. Isolation of the chromophore yields a double featured peak at ~290 nm,
which becomes a single peak with increasing solvation. Deprotonation of the side chain also leads to
reduced apparent intensity and broadening of the action spectrum. The method can be successfully
applied to both negatively and positively charged ions in various charge states, although electron
detachment becomes a competitive channel for multiply charged anions. In all other cases, loss of iodine
is by far the dominant channel which leads to high sensitivity and simple data analysis. The action
spectra for iodotyrosine, the iodinated peptides KGYDAKA, DAYLDAG, and the small protein
ubiquitin are reported in various charge states.
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Introduction
Interrogation of the structures of charged biomolecules in the gas phase represents an area of
increasing interest.1-5 Gas phase measurements can be carried out with speed and sensitivity that is not
easily matched by more traditional structure probing methods. Although a variety of experimental
options can be employed,6-13 spectroscopic methods are attractive because they probe structure directly
and have the potential to provide detailed information. Notwithstanding these advantages, spectroscopy
on biomolecules in the gas phase is increasingly difficult to employ as molecular size increases. The low
number of ions present in gas phase experiments and the difficulty in gaining unfettered access to them
dictates that molecules are typically examined via action spectroscopy.14 Rather than monitoring
absorption or fluorescence directly, fragmentation of the ions following photoactivation is recorded as a
function of excitation wavelength. Unfortunately as molecular size increases, more and more energy is
required to observe dissociation within a given timescale.15 The difficulty occurs because typically the
excitation energy is redistributed (and diluted) among all vibrational degrees of freedom.16 Therefore,
for a large molecule, the amount of energy required to observe fragmentation greatly exceeds the
amount of energy needed to break a single bond.
One method for circumventing this problem is to monitor dissociation which occurs promptly, or prior
to intramolecular vibrational energy redistribution (IVR). This approach has been successfully
employed by Dugourd and coworkers by monitoring electron detachment as a function of excitation
wavelength.2 Electron detachment is a dominant dissociation channel for multiply charged anions,
frequently generating the largest peaks in the mass spectrum. Because electron detachment does not
require involvement of nuclear motion, it is typically assumed to occur faster than IVR. This method has
led to significant progress in this field and has been successfully employed to obtain spectra for peptides
and even small proteins (where dissociation would not be expected to be observable if it followed
IVR).17,18 However, electron detachment is not a dominant channel for positively charged ions and leads
to neutral molecules in the case of singly charged anions. Furthermore, the utility of a spectroscopic
probe is also defined by the specificity that can be employed while using it. For multiply charged
3

anions, there are several anionic sites coupled to different potential chromophores from which electrons
can be detached. As a result, there are some inherent limitations that will be difficult to overcome with
electron detachment. Therefore, a method with broader applicability and greater specificity that also
monitors fragmentation prior to IVR is desirable.
Unfortunately, in the case of large molecules the majority of covalent bond dissociations occur after
IVR. Nevertheless, there are a few well characterized exceptions; for example, it is well known that
carbon-iodine bonds undergo prompt dissociation following excitation by ultraviolet light.19-21 For
alkyliodides, dissociation occurs due to n→σ* promotion of one of the nonbonding electrons from
iodine. This leads to homolytic fragmentation of the C-I bond within ~400 femtoseconds.22 The
situation is more complicated for aryliodides, due to overlapping absorption bands. UV excitations of
both n→σ* (from iodine) and π→π* (from the aromatic ring) electrons can occur. The π→π* state can
couple to the n→σ* state, which will also lead to dissociation of the C-I bond. This more complicated
process still occurs within ~600 femtoseconds.22 In both cases, an iodine radical is lost and a carbon
based radical is generated on the remaining part of the molecule.
There are no naturally occurring C-I bonds in most peptides and proteins; however, they can be easily
introduced by iodination of tyrosine residues, which can be carried out selectively under mild
conditions.23 Previous work has demonstrated that excitation of iodotyrosine containing peptides and
proteins by 266 nm light leads almost exclusively to loss of iodine.24,25 Given the size of these
molecules and the abundant loss of iodine which can be observed, it is almost certain that dissociation
occurs via prompt cleavage of the carbon-iodine bonds prior to IVR. This notion is further supported by
the observation that collisional activation of the same molecules typically yields no loss of iodine.26 In
contrast to electron detachment, C-I bond cleavage can be carried out with both positively and
negatively charged molecules. Furthermore, a specific tyrosine residue can be labeled with iodine,
allowing selective interrogation of a particular chromophore.27,28 The wavelength dependence of C-I
bond cleavage in iodotyrosine containing biomolecules has not been previously explored. The potential
utility of this chromophore for obtaining action spectra of large biomolecules will be the focus of this
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manuscript. Action spectra of iodotyrosine itself, iodinated KGYDAKA, DAYLDAG, and ubiquitin are
reported. The influence of charge state on the resulting action spectra was also examined. The
iodotyrosine chromophore is demonstrated to be a sensitive probe of the three dimensional structures of
peptides and proteins.

Experimental Methods
Mass Spectrometry
50 - 100 µM aqueous methanolic solutions (50:50 MeOH:H2O + 0.1% formic acid or 0.1%
ammonium hydroxide in positive and negative ion mode, respectively) of amino acids or peptides were
infused at a rate of 3-5 µL/min into the electrospray ionisation source of a ThermoFisher Scientific (San
Jose, CA, USA) LTQ linear quadrupole ion-trap mass spectrometer. Modifications to the mass
spectrometer to perform UV photodissociation (UVPD) in the trap have been described in detail
elsewhere,29 and similar experimental configurations have been reported previously. 24,30
Briefly, a quartz viewport is fitted to the backplate of the LTQ vacuum manifold to allow transmission
of a UV laser pulse. Tunable UV laser radiation is generated by an OPO laser system fitted with a
frequency-doubling unit (versaScan and uvScan, Spectra-Physics, Santa Clara, CA, USA) that produces
photons across 213-354 nm. The OPO is pumped by the 3rd harmonic (355 nm) of a Quanta-Ray INDI
Nd:YAG laser (Spectra-Physics, Santa Clara, CA, USA). The OPO-generated UV laser pulse is
noticeably divergent in one dimension and this is corrected using a single cylindrical quartz lens.
Subsequently, the UV beam passes through two prisms and two iris-apertures to ensure good axial
alignment through the ion trap. The laser is operated continuously at 10 Hz. To ensure that a single
laser-pulse irradiates ions in the trap at the desired MS interval, a mechanical shutter is placed before the
LTQ window and is synchronised to open for ~100 ms using a TTL pulse generated during the
activation step of an MSn cycle. The normalised collision energy during this activation step is
maintained at 0 such that product ions measured are generated solely by UVPD. This can easily be
checked by blocking the laser beam. No more than one laser pulse irradiates the ion ensemble per MS
5

cycle. Photoproduct yields are calculated using: product yield = (Σproductλ/TICλ), where Σproduct is
the abundance of all photofragments, TIC the total ion count at wavelength λ. The laser power spectrum
is measured using a thermopile power meter and is typically between 0.2 - 1.1 mJ/pulse. It is important
to note that the OPO beam intensity spatial profile may vary over this wavelength range, and it is
difficult to account for the overlap efficiency between the ion ensemble and the laser beam. Therefore,
we correct the photoproduct yield for the laser power profile over the wavelength range but not for
absolute laser power. Given these limitations, only qualitative comparisons of the relative intensities of
various peaks in the action spectra are recommended. A UVPD action spectrum is obtained by plotting
the UVPD product yield against wavelength.
Solution phase absorption.
UV/vis measurements of Iodo-tyrosine were carried out at room temperature on a Cary 50 Bio
UV/Vis Spectrophotometer (Agilent, USA) in a quartz cell of 1.0 cm path. Iodo-tyrosine was diluted in
water to a concentration of 0.1mM. pH was adjusted by adding acetic acid or NaOH.
Materials
Methanol (HPLC grade) and aqueous ammonia solution (28%, AR Grade) were obtained from Ajax
Finechem (Sydney, Australia). Formic acid (98%, LC-MS Grade) and 3-iodo-L-tyrosine were purchased
from Sigma-Aldrich (St. Louis, MO). The peptides KGIYDAKA-NH2 (for the sake of simplicity, this
peptide will be referred to simply as KGIYDAKA) and DAIYLDAG were synthesized by solid-phase
peptide synthesis using Fmoc-protected amino acids and HCTU as the coupling reagent.31 Fmocprotected amino acids were purchased from LC Sciences (Houston, TX). Fmoc-3-iodotyrosine was
purchased from AnaSpec (Fremont, CA). HCTU was purchased from ChemPep Inc. (Wellington, FL).
Water was purified to 18.2 MΩ.cm resistivity using a Millipore (Billerica, MA, USA) Synergy UV
water purification system.

Results and Discussion:
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Amino Acid -Tyrosine. To establish a baseline for these experiments, we first examined the isolated
amino acid iodo-tyrosine (IY−OH) and amidated iodotyrosine (IY−NH2). A representative mass
spectrum illustrating that loss of iodine is by far the most abundant product ion obtained following
photoexcitation is shown in Figure 1a. Dominant iodine loss affords excellent sensitivity in these
experiments by constraining most of the product ion intensity into a single channel. Action spectra
obtained by monitoring loss of iodine as a function of excitation wavelength for protonated and
deprotonated charge states for both molecules are shown in Figure 1b. The results for both [IY−OH
+H]+ and [IY−NH2 +H]+ are virtually identical, exhibiting a broad, double featured peaks between 280
and 300 nm. These double featured spectra are reminiscent of the spectrum previously reported for
iodobenzene.32 Based on relative proton affinities, [IY−OH +H]+ and [IY−NH2 +H]+ are both most
likely protonated at the N-terminal amine (as shown in Figure 1a for IY−OH), which will be unable to
interact directly with the side chain hydroxyl group. Although proximity to the charge may likely shift
the overall spectra, the [IY−OH +H]+ and [IY−NH2 +H]+ spectra in Figure 1b largely represent an
unperturbed (and certainly unsolvated) chromophore.
The action spectra for deprotonated [IY−OH -H]- and [IY−NH2 -H]- are also shown in Figure 1b. In
the case of deprotonation, the charge could reside on either the side chain or the carboxylic acid for
[IY−OH -H]-. To avoid this uncertainty, we also investigated [IY−NH2 -H]-, where the charge will reside
unambiguously on the side chain. The results are similar for both deprotonated molecules, indicating
that the charge resides on the side chain in both cases. This is reasonable because iodination should
increase the acidity of the phenolic side chain, which is already competitive with the carboxylate in the
less acidic tyrosine side chain.33 For both molecules, broadened and featureless peaks that are lower in
intensity relative to the protonated ions are observed, although product ion intensity is somewhat higher
for the anions at wavelengths >308 nm. It should be noted that deprotonated molecules can undergo
electron detachment in addition to loss of iodine. This would cause loss of signal by yielding an
unobservable neutral molecule, and may contribute to reduced apparent absorption relative to

7

iodo-phenolic
phenolic chromophore leads to significant
protonated ions. It is clear that deprotonation of the iodo
diminution and perturbation of the absorption spectrum
spectrum.
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Figure 1. a) Representative mass spectrum illustrating selectivity of iodine loss. b) Action spectra for
protonated and deprotonated IY−OH and IY−NH2. c) Aqueous absorption spectra for IY−OH at various
pH values.

For comparison, the aqueous UV absorption spectra for IY−OH at pH 4, 7 and 12 are shown in Figure
1c. Generally, the features of the solution phase spectra at pH 4 and 7 are similar to those obtained for
the protonated ion in the gas phase; there is a single broad absorption centered at 285 nm. The double
featured peak observed in the gas phase is not resolved in the solution phase spectrum. This is likely due
to solvation of the chromophore by highly polar water molecules, leading to broadening of both peaks.
At pH 12, the spectrum is significantly different. The longer wavelength absorption is red shifted to 305
nm. At this pH, the tyrosine side chain will be deprotonated, which is known to lead to the red shift.34
This observation further supports the suggestion that the extended product ion intensity beyond 308 nm
for [IY−OH -H]- in Figure 1b results from deprotonation of the side chain in the gas phase.
Peptides. Action spectra for several charge states of the small peptide KGIYDAKA are shown in
Figure 2. The spectrum for [KGIYDAKA+2H]2+ (green diamonds) is very similar to that obtained for
iodo-tyrosine in water at pH 7 (Figure 1c). This suggests that the tyrosine chromophore is
intramolecularly solvated by other side chains or the peptide backbone, broadening out the peaks and
largely preventing observation of the double featured absorption detected for the individual amino acid.
Although there is the suggestion of two features in this spectrum, the magnitude of the dip observed at
~288 nm is very close to the error in the measurement. The spectrum for [KGIYDAKA+H]+ (blue
squares) is very similar to the spectrum for protonated iodo-tyrosine, although it is blue shifted by
several nm. It is not anticipated that the protonation site (most likely one of the lysine side chains) will
be in similar proximity to the chromophore as occurred in the case of the individual amino acid, which
may account for the blue shift. Furthermore, the distinct presence of two peaks in the spectrum suggests
that there is very little intramolecular solvation of the tyrosine side chain. It is possible that the peptide
backbone wraps around the single charge to maximize solvation, leaving the tyrosine chromophore
9

exposed. This generic type of structure was observed previously for a large collection of singly
protonated peptides in ion mobility based experiments.35 When a second proton is added to the peptide,
the tyrosine OH clearly becomes solvated in some fashion. Photofragementation yields for
[KGIYDAKA+H]+ and [KGIYDAKA+2H]2+ displayed a linear response across ~0.1—1 mJ/pulse
(Supporting Information, Figure S5a) consistent with a single-photon absorption process. To ensure that
the double feature is not an artifact of saturation, an action spectrum of [KGIYDAKA+H]+ was obtained
at ~50% of the photon energy that displayed the same double-featured morphology (Figure S5b).
The action spectrum for the singly deprotonated peptide [KGIYDAKA-H]- (red circles) exhibits a
single feature, although there is the suggestion of a shoulder on the red side of the peak at ~298 nm. The
spectrum is red shifted and appears to be more intense than that obtained for the singly deprotonated
amino acid (Figure 1b). The double featured peak observed for protonated species is absent (it was not
observed for deprotonated iodo-tyrosine either). It is not clear whether this is characteristic of all spectra
obtained from anions or if deprotonation of the iodo-tyrosine side chain is the driving force. In order to
examine this issue further, we prepared a peptide with several additional acidic side chains where
deprotonation of iodo-tyrosine should be less competitive.

Figure 2. Action spectra for iodinated KGYDAKA. Representative photodissociation mass spectra
are provided as Supporting Information (Figure S2).
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Action spectra for several charge states of the peptide DAIYLDAG are shown in Figure 3a. The singly
protonated ion (green diamonds) yields a double featured peak. The peak occurs at a very similar
wavelength to that observed for iodo-tyrosine. The resolution of the double feature is reduced relative to
both iodo-tyrosine and KGIYDAKA, which may suggest the existence of a partially solvated conformer.
Interestingly, a very clear double featured peak is observed for the singly deprotonated ion. This reveals
that examination of negatively charged ions does not preclude resolution of the characteristic double
feature. The absorption is also blue shifted relative to the protonated ion. In contrast, the spectrum for
[DAIYLDAG-2H]2- is red shifted, contains only a single peak, and is significantly reduced in intensity.
Examination of the mass spectra generated by photoactivation of [DAIYLDAG-2H]2- reveals that
electron detachment is a competitor for loss of iodine in this multiply charged anion and together these
represent the only two major product ion channels (for representative mass spectra see Supporting
Information Figure S3). Losses from the respective channels are shown in Figure 3b, where it is also
clear that electron detachment dominates. The flattened spectrum and red shift suggest that
deprotonation of the iodo-tyrosine side chain likely occurs in the doubly deprotonated ion.
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Figure 3. a) Action spectra for iodinated DAYLDAG. b) Iodine loss and electron detachment (ED)
channels compared to precursor ion intensity for the doubly deprotonated ion. Representative
photodissociation mass spectra are provided as Supporting Information (Figure S3).

Ubiquitin. Ubiquitin is a small, 76 residue protein which has been extensively studied in both solution
and the gas phase. It contains a single tyrosine residue (Tyr59), which can be selectively iodinated. The
action spectrum for [ubiquitin+6H]6+ is shown in Figure 4 (red circles). A broad peak with a flattened
top centered around ~285 nm is observed, consistent with significant intramolecular solvation of the
tyrosine chromophore. This spectrum is slightly red-shifted and broader than that observed previously
for [ubiquitin-7H]7- utilizing electron detachment.2 The action spectrum for [ubiquitin +9H]9+ is also
shown in Figure 4 (blue squares). This spectrum clearly contains a double featured peak centered near
12

285 nm that is very similar to the spectrum for [KGYDAKA+H]+ (Figure 2). The +9 spectrum is also
similarly shifted with respect to the protonated iodo-tyrosine spectrum. For both KGYDAKA and
ubiquitin, the charged sites can easily be distanced from the chromophore.
The double featured peak suggests that the +9 charge state is significantly more unfolded than the +6
charge state, and that tyrosine side chain is essentially not interacting with the remainder of the protein.
These observations are consistent with previous gas phase experiments. Collision cross sections from
ion mobility reveal that the +6 charge of ubiquitin is primarily populated by a compact structure, while
the +9 charge state is composed of several extended conformations.36 Radical directed dissociation
experiments (where the radical generated by loss of iodine following photoactivation was subjected to
collisional activation) demonstrated that the +9 charge state of ubiquitin undergoes significant tyrosine
side chain loss while the +6 charge state does not. This is consistent with inability of the tyrosine radical
to migrate to other locations within the protein due to unfolding in the +9 charge state. The present
results confirm that action spectra for iodotyrosine are responsive to the local chemical environment
created by the tertiary structure of a protein in the gas phase. If multiple tyrosine residues were present
in a protein, selective iodination at each tyrosine residue could be utilized to obtain site specific
structural information from each tyrosine.37 This is an advantage which is not easily realized in electron
detachment experiments.
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Figure 4. Action spectra for iodinated ubiquitin. Representative photodissociation mass spectra are
provided as Supporting Information (Figure S4).

Conclusions: Action spectra obtained from iodotyrosine residues are sensitive to side chain solvation,
which is a molecule specific phenomenon. In the absence of intramolecular solvation, a double featured
peak is observed for both positively and negatively charged ions. Upon solvation, resolution of the
double featured peak is lost. Solvation of the tyrosine side chain is a molecule specific property. In some
cases, high charge states have solvated side chain interactions and in others, low charge states have
more solvated side chains. Deprotonation of the side chain also yields a characteristic spectrum with low
intensity and a single, broad feature. This method scales very well with molecular size, allowing easily
for the interrogation of whole proteins such as ubiquitin. Future efforts will be focused on determining
whether theory can be used to meaningfully interpret additional details from the action spectra and
leverage more information about three dimensional structures.
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